A three-dimensional baroclinic finite element model with a coarse and fine (i.e. local refinement along the shelf edge) grid is used to examine the influence of shelf edge grid refinement upon the internal tide generation and propagation off the west coast of Scotland. Comparisons are made with observations in the region and with a published solution using a finite difference model. The calculations show that provided that the finite element grid is refined in the internal tide generation area and the adjacent region through which the internal tide propagates, then a numerically accurate solution is obtained. In the regions of strong internal tide generation with a local grid refinement, internal wave energy can accumulate at small scales and must be removed by a scale-selective filter.
INTRODUCTION
To date, the majority of intercomparisons between uniform grid finite difference models and unstructured grid finite element models have concentrated upon the barotropic tide. Such a detailed intercomparison was performed by a number of groups in connection with tides in the English Channel, giving rise to a range of papers as part of the tidal flow forum (e.g. Werner 1995; Lynch et al. 1995; Walters and Werner 1989; Walters 1987) . In the case of the barotropic tide, it has a long wavelength, and hence little short-scale spatial variability, except in nearshore regions. For this reason an increase in finite element resolution, or map transformation (Johns et al. 1981) combined with boundary-fitted coordinates in a finite difference model to improve coastal resolution is a logical way to refine the grid. Since these early applications of finite element models to barotropic tides, the range of oceanographic problems has increased (see the review of Walters (2005) ).
In recent years with increased interest in shelf edge processes (Huthnance 1995) and baroclinic motion, the topic of internal tides has received increasing attention. In the shelf edge region where stratification intersects the shelf slope the motion of the barotropic tide at a frequency x gives rise to an internal tide at the same frequency with non-linear effects giving higher harmonics (Lamb, 2004 ) and a tidal residual (Xing and Davies 2001a) . Internal wave beams at a frequency ω have a slope r given by
with N a constant buoyancy frequency and f the Coriolis frequency. Depending upon the relative steepness of topography s=∇h,with h water depth, the topography is classed as supercritical (s>r ), critical (s=r ) or subcritical (s<r ). Once generated the internal tide propagates away from its generation region along beams. Both on-shelf and off-shelf propagation can occur depending upon the local topography and stratification, with the internal tide being reflected at both sea surface and sea bed. The wavelength of the internal tide varies significantly depending upon local topography variations and stratification, but is typically the order of kilometres rather than the hundreds of kilometres associated with the barotropic tide. For this reason and to resolve the shelf slope, a significantly finer grid is required in the shelf edge region for an accurate representation of the baroclinic tide than that used for the barotropic tide. Early models of the internal tide were semi-analytical, or used a cross-sectional model (e.g. Craig 1987; Sherwin and Taylor 1990; New 1988; Xing and Davies 1997b ) and hence grid resolution was not critical, in that high resolution could be included everywhere. However, as shown by Xing and Davies (1997b) in a comparison of the numerical solution with the analytical solution of Craig (1987) , an across shelf resolution of 3 km with 50 sigma levels in the vertical was required. The reason for this high resolution was that internal tides have a short wavelength. Also their generation at the shelf edge is critically dependent upon shelf slope and vertical stratification. The limitations of using an across shelf "slice" model are well known (Xing and Davies 1998; Legg 2004a,b) in regions where there is an appreciable along shelf forcing such as the area considered here. Consequently, it is essential in such regions to use a full three-dimensional model that can accurately resolve both the across and along shelf variations in topography and density field in the shelf edge region. Consequently, besides refining the grid in the nearshore area in order to reproduce the barotropic tide, it is essential to include an enhanced grid refinement in the shelf edge region. Once generated at the shelf edge the internal tide can propagate both offshelf into the ocean, and onto the shelf. The wavelength associated with this propagation is significantly shorter than the barotropic wavelength. As shown by Hall and Davies (2005) (hereafter referred to as HD05) the short wavelength of internal waves must be taken into account in determining the rate of grid refinement from a fine grid in the region of internal wave generation to coarse grid outside this region. Also, as shown by HD05 in the case of wind-forced internal waves, if the grid refinement is too rapid, small-scale waves are excited and numerical instability can occur. However, by using a Smagorinsky (1963) form of horizontal viscosity, this can be overcome (HD05). The scale-selective filtering associated with the Smagorinsky (1963) form of viscosity is now well known and has been successfully used in Large Eddy Simulation (LES) calculations. This problem is briefly considered here for the case of an internal tide.
The computational requirement in a three-dimensional internal tide model to have a fine grid in the shelf edge region, yet allow for accurate propagation away from this region, is an important consideration in designing an irregular grid. In this paper we examine the problem of internal tide generation off the west coast of Scotland using two unstructured grid resolutions and the QUODDY code. The QUODDY code uses a finite element method in the horizontal and a sigma coordinate approach in the vertical. The vertical eddy viscosity is parameterized using a Mellor-Yamada turbulence model (see later Discussion). As the code and the method used are well established [e.g. see Lynch and Naimie (1993) ; Ip and Lynch (1995) ], details will not be repeated here.
In order to compare results with an existing threedimensional internal tide finite difference model (Xing and Davies 1998 ) (hereafter referred to as XD98), the region off the west coast of Scotland was examined. This area is ideal for a model intercomparison study in that there is a strong barotropic tidal forcing in the region, which produces a significant internal tide. Also the shelf slope is not constant, but the gradient changes appreciably along the shelf edge. This change in gradient and the existence of two off-shelf seamounts which influence the internal tide (XD98) makes the region ideal for the use of an irregular grid. In the calculations performed here, the bottom topography and open boundary forcing were identical to those used by XD98 in a uniform finite difference grid model. By using the same topography and forcing in all calculations, the influence of grid resolution and solution method (namely, finite difference (XD98) or finite element (QUODDY)) upon the solution can be assessed. The main focus of this paper is a model intercomparison study rather than an examination of the processes influencing the generation and propagation of the internal tide, which are covered in detail in XD98. The interested reader is referred to XD98 for details of stratification, energy flux and the role of seamounts and shelf slope in terms of internal tide physics. In the next section (Sect. 2) we briefly describe the topography of the region (with reference to XD98 for detail) and the two irregular horizontal grids used in the calculation. The solution using the finite element sigma coordinate model is described in Sects. 3 and 4. In the final section, results from the inter-comparison of the different grid resolutions and the solution of XD98 are summarized.
The hydrodynamic equations, topography of the region, and choice of grid.
The fundamental hydrodynamic equations, which are solved with the various modelling approaches described here, are identical to those solved by XD98. As they are discussed in detail in Xing and Davies (2001b) they will not be repeated here, except to give a general overview of their basic form.
The models are based upon the three-dimensional free surface, nonlinear primitive equations expressed in polar coordinates. The hydrostatic approximation is used, and density is derived from temperature using a simple equation of state (XD98). The models are prognostic in that the temperature field evolves with time due to advection and diffusion terms. Consequently, the on-/off-shelf propagation of the barotropic tide gives rise to internal pressure gradients at the shelf edge and hence an internal tide as described in XD98. Vertical mixing of momentum and density are parameterized using vertical eddy viscosity and diffusivity coefficients which are determined using a turbulence energy closure sub-model (e.g. Blumberg and Mellor 1987; Luyten et al. 1996 Luyten et al. , 2002 XD98) . The coefficient of horizontal viscosity was parameterized using a Smagorinsky (1963) formulation with the arbitrary scaling coefficient taken as C=0.28 (HD05) in the majority of calculations. In a final calculation to examine its influence this value was doubled. The benefits of using this formulation for horizontal viscosity in an internal wave problem involving an irregular grid have been demonstrated in HD05.
Since the calculation, as in XD98, is concerned with the short-term dynamics of the internal tide, rather than its seasonal variation, there is no applied surface heat flux or wind stress. Similarly for the turbulence energy model, there is no turbulence flux through the sea surface or sea bed. A quadratic friction law as in XD98 was applied at the sea bed. Along the open boundary the barotropic tide was identical to that used by XD98. A sigma coordinate was used in the vertical with 40 levels having enhanced resolution in the near bed and near surface region where the internal tide is largest. This is consistent with the vertical resolution used in XD98. In all calculations the model started from a state of rest with zero elevation displacement. In the baroclinic calculation the same temperature profile and hence N 2 profile taken as the strongly stratified case (XD98, see their Fig. 4 ) was applied everywhere. By this means, in the initial conditions the isotherms were horizontal. In response to open boundary barotropic tidal forcing, in the stratified case a baroclinic tide was generated at the shelf edge. After about six tidal cycles, the influence of the initial conditions was removed and a sinusoidal condition was reached which could be harmonically analysed. In order to separate the internal tide from the barotropic tide, in the baroclinic calculations a barotropic tidal solution was subtracted from the total. This is consistent with the approach adopted in XD98.
The shelf and shelf edge region ( Fig. 1 ) covered by the various models is identical to that used by XD98. The region is characterized by a range of water depths from 2000 m in the deep ocean to the order of 10 m in the near coastal region. At the shelf edge taken as the 200 m contour (Fig.  1) , water depths increase rapidly from typically 100 m (on shelf) to 1000 m (oceanic). The movement of the density surfaces over this steep topography, as the tide flows onand off-shelf, generates the internal tide in this region. To properly account for this generation process and subsequent internal tide propagation, it is essential to resolve topography in this area. To examine the extent to which the internal tide is influenced by grid resolution, calculations were performed with both coarse (2894 nodes) (Fig.  2) and fine (3981 nodes) (Fig. 3 ) unstructured grids. In the fine grid calculations the grid in the shelf edge region (Fig.  3) was refined in the regions of steeper topography ( Fig.  1 ) in order to accurately resolve the shelf edge slope. This is particularly important, since this together with vertical stratification determines the generation of the internal tide (XD98). Also, as shown by XD98, internal tides are generated in the region of the Anton Dohrn Seamount and Hebrides Terrace Seamount (Fig. 1) , and for this reason the grid is refined in these regions (Fig. 3) . Ideally, a more gradual change in the mesh size, as the shelf edge is approached than that shown in Fig. 3 , would have been preferred. However, this would have increased the computational effort, and as we will show, provided a Smagorinsky form of horizontal diffusion is used, there is no build-up of small-scale waves in the shelf edge region. As the main focus is the baroclinic tide which is dissipated before it reaches the coast, it is tempting to under-resolve the near shore region. However, as the baroclinic tide is forced by the barotropic tide which is significantly influenced by coastal effects, it is necessary to ensure adequate coastal resolution to enable an accurate distribution of the barotropic tidal forcing to be obtained.
Tidal distributions computed with QUODDY.
In all calculations the model was started from a state of rest with a constant density in the barotropic case, and horizontal temperature surfaces in the baroclinic calculation. The vertical temperature profile and buoyancy frequency correspond to the strongly stratified case in XD98 (see Fig. 4 in XD98 for details). Motion was induced by tidal forcing across the open boundary, and a periodic state was obtained after 6 tidal cycles, which was harmonically analyzed to give tidal amplitude and phase.
Barotropic calculation
In an initial calculation using the coarser mesh (Calc 1, Table 1 ) the sea was taken as homogeneous and the threedimensional barotropic tide was computed. To enable a "like with like" comparison to be performed with XD98, this mesh was generated from the finite difference depth values used in XD98. The cotidal chart (not shown) was not significantly different to that determined by XD98, and showed a northward propagation of the barotropic tide, with tidal amplitude increasing in the coastal region. The observed amphidromic point in the North Channel was reproduced in the model.
A detailed comparison with observations at 41 positions (Table 2 , since the location of these gauges is given in XD98 (see Fig. 1a in XD98 for details) it will not be repeated here), showed a similar good agreement with that found by XD98 at offshore locations. However, at coastal positions the accuracy was slightly reduced due to the coarser nature of the unstructured grid in the coastal region than the finite difference grid of XD98 (although the coastline itself is more highly resolved). This is reflected in the slightly higher RMS amplitude error compared to XD98. Obviously, the unstructured grid used here could be refined in the coastal region, but since the main emphasis is on internal tides this was not done.
The computed M 2 surface tidal current ellipse distribution (Fig. 4a) exhibits the same large-scale features found in XD98; in particular, the strong tidal currents in the North Channel and off the west coast of Scotland. The change in alignment of the tidal current ellipses in the shelf edge region from essentially west-east at about 56
• N to north-south at about 58
• N (where the orientation of the shelf edge changes) found in XD98 is also reproduced here (Fig. 4a) . The significant reduction in tidal currents between ocean and shelf and the local intensification of cur- rents over the Anton Dohrn Seamount are shown in Fig.  4a , which was also found by XD98.
A detailed comparison of u and v tidal current amplitudes and phases at a number of offshore observational points (Table 3 , since the exact location of these current meters is given in XD98 (see Fig. 1b in XD98 for details) it will not be repeated here) showed similar results to those found in XD98. The water depth h given in Table 3 refers to the total water depth, with sigma (σ) determining the location of the measurement in the water column (namely σ = 0.0, surface; σ = -1.0, sea bed). As the main emphasis of the paper is the application of the model to the internal tide, it is useful to examine shelf edge locations (namely T to E, see XD 98, Fig.1b for positions) in more detail in connection with the stratified calculation (see later).
In a subsequent calculation (Calc 2, Table 1 ) the finer mesh ( Fig. 3 ) was used to compute the barotropic tide. As stated previously to enable a "like with like" comparison to be performed with XD98, this mesh was generated from the finite difference depth values used in XD98. The computed cotidal chart (not shown) was not significantly different to that found using the coarser grid or by XD98. A detailed comparison (not presented) at the locations given in Table  2 where observations are available did not show an appreciable difference between fine grid and coarse grid calculations. This can be readily appreciated, since the finer grid ( Fig. 3) also used in the coarse resolution grid (Fig. 2 ). The only difference between the two is a refinement in the mesh in the shelf edge region, and around the offshore seamounts. In practice, if a more detailed bathymetry was available than in XD98, this could be used to enhance the accuracy of the bottom topography as the mesh was refined.
The computed M 2 surface tidal current distribution ( Fig.  4b ) on the shelf shows a similar pattern to that found with the coarse grid (Fig. 4a) . However, in the shelf edge region, the Anton Dohrn Seamount area and Hebrides Terrace seamount, it is clear that with the enhanced resolution in these regions, smaller scale variability than that shown in Fig. 4a can be seen. A detailed comparison of u and v tidal current amplitude and phase at the current observation points (Table 3 , Calc 2) showed similar differences to those found with the coarse grid model (Calc 1). At shelf edge locations, H, I, J, K,W and M, N located at about 57
• N, both the u and v components of the barotropic velocity are appreciable (of order 15 cm s −1 ) and are reproduced to a similar level of accuracy on both grids. On average, the tidal current amplitude computed with the finer mesh was larger than the coarse mesh, reflecting its improved ability to resolve the topography. Similarly, further north at locations P, Q, R, S and T, both solutions have similar accuracy and a close correspondence in the distribution of errors with location was found. Since both grids are based on the same distribution of water depths used by XD98 and are adequate for resolving the barotropic tide, then without additional water depth information, there does not appear to be any improvement in accuracy of the finer grid solution compared to the coarser, or the solution of XD98. This is borne out by the RMS errors given in the tables. This result is to a certain extent artificial in that the basic water depths were fixed at those used by XD98 in order to yield a "like with like" comparison. If gridding was performed based on high-resolution depths from a detailed survey of the region (unfortunately not available), then a finer mesh in the shelf edge region with associated improved topography would be expected to improve the results. Improvement of the barotropic tide in coastal regions as the finite element resolution is improved has been found by a number of authors (e.g. Luettich Jr. and Westerink 1995).
Baroclinic tidal current distribution
In these calculations the stratification corresponded to the strongly stratified case described in XD98 (see Fig. 4 in XD98 for details), and the on-/off-shelf motion of the tide gave rise to an internal tide in addition to the barotropic tide computed previously. The baroclinic tide was separated from the barotropic tide by subtracting the appropriate barotropic tide-only solution.
The computed cotidal chart (not shown) derived with baroclinic effects included using the coarse mesh (Calc 3, Table 1 ) was not appreciably different to that found under homogeneous conditions. A detailed comparison at observation points showed differences of less than 1 cm and 1 degree, confirming as found by XD98, and in other papers, that tidal elevation was dominated by the barotropic tide.
The surface baroclinic tidal current ellipse distribution ( Fig. 5a) shows that the region of strongest generation is at the shelf edge and in the region of the offshore sea-mounts. The internal tide generated at the shelf edge propagates both onshelf and offshelf as described in XD98. The onshelf propagation of the internal tide is responsible for the appreciable signal to the east of the Hebrides. The presence of stratification influences the vertical eddy viscosity profile and hence in shallower coastal regions it reduces the thickness of the turbulent bottom boundary layer. This in turn influences the barotropic tidal current profile which in shallow water is determined by bottom stress and viscous effects. A consequence of this is that the barotropic tidal current computed with the present model is different from that computed without stratification effects. Hence when the two solutions are subtracted a barotropic tidal current remains in nearshore regions. These currents are not due to propagating internal tides but are just due to the difference in bottom stress and internal friction.
A detailed comparison of tidal currents at observational points (Table 3 , Calc 3) shows that on the shelf, in the southern part of the region, namely locations A to G, the u and v currents are not substantially influenced by baroclinic effects. However, away from the open boundaries in the shelf edge region, namely locations M, N, W, J, K, H, I (see Fig. 1b in XD98 for locations), the internal tide would be expected to have an effect. Comparison of the u current amplitude on the coarse grid including stratification (Table 3 , Calc 3) and the homogeneous solution (Calc 1) shows that the internal tide enhances the vertical variation of current amplitude. A similar effect occurred for the v component of velocity, with its magnitude increasing at a number of locations, see in particular position N, due to the generation of an along slope internal tide. The existence of an along slope internal tide clearly demonstrates the need to use a three-dimensional model, and the limitations of cross slope "slice" models.
Further north at locations, P, Q, R, S and T (see Fig. 1b in XD98 for locations), the u current amplitude is smaller, with the internal tide leading to an increase at some locations (e.g. posn. S). A similar increase occurs in the amplitude of the v current which is the dominant component (e.g. posn. S). In a subsequent calculation (Calc 4, Table 1), the finer mesh (Fig. 3 ) was used to determine the baroclinic tide. As previously, the tidal elevation was not significantly affected by the inclusion of stratification. As in Calc (3), the surface tidal current ellipse distribution (Fig. 5b) shows that the internal tide is generated at the shelf edge and in regions of offshelf seamounts. The effect of the enhanced resolution in regions of steep topography is to improve the accuracy of the mesh resolution of bottom topography. Consequently the representation of topographic gradients is enhanced with an associated increase in the detail of the internal tide in these areas (compare Figs. 5a, b) . In addition, a more accurate description of bottom topographic gradient influences the degree to which the tide is sub-or super-critical and hence the extent of on-shelf or off-shelf propagation. In particular it is evident from the comparison of Figs. 5a and b that the off-shelf propagation of the internal tide (to the west of the 1000 m contour) that is shown in Fig. 5b was not evident in Fig. 5a due to the lack of resolution in the region. The on-shelf propagation is however evident in both figures. Similarly the enhanced resolution around oceanic topographic features that occurs (Fig. 2) , and b the fine grid (Fig. 3) . Table 2 Comparison of observed and computed M 2 tidal elevation amplitude h (cm) and phase g (degrees) at a number of coastal and offshore locations, together with RMS errors for Calc 1 in the fine mesh model (Fig. 3 ) compared with the coarse mesh ( Fig. 2) means that finer scale features of the internal tide can be generated in these regions (compare Figs. 5a, b) . A detailed comparison of currents at observational points (Calc 4, Table 3) shows that stratification effects appreciably influence both tidal current amplitude and profile, besides its phase in shelf edge regions (compare Calcs 2 and 4 in Table 3 ). Owing to the absence of a detailed knowledge of the stratification at the time when measurements were made, a rigorous comparison is not possible. In this paper, following XD98, an idealized profile of vertical stratification was used everywhere. As shown by XD98, using a range of density profiles, the spatial distribution of the internal tide and its intensity and energy flux are sensitive to the stratification profile and without a detailed knowledge of this over the whole region, a rigorous comparison with measurements such as those made by Sherwin (1988) is not possible. However, it is evident from a comparison of values in Table 3 (Calcs 3 and 4) that at locations M, N, W, J, K, H, I, the u current amplitude computed on the finer grid is on average larger than on the coarse, with a slight enhancement in vertical shear. This suggests that the improved cross-shelf resolution in the finer grid has intensified the across-shelf internal tide due to an increased resolution in both its generation and propagation region. In the latter case, an enhanced resolution would be expected to reduce artificial diffusion associated with internal tide propagation (see later Discussion). For the v component which is dominant at locations P, Q, R, S and T, enhanced resolution does not have a major effect. This is to be expected since this component is dominated by along-shelf propagation which, due to its smaller lateral variation, is less sensitive to enhancement in grid resolution.
Temporal and spatial variability of the baroclinic internal tide
In the previous section the influence of grid resolution upon the spatial variability of the surface baroclinic tidal currents was examined in detail. Here we consider how it influences the temporal variability and profile of tidal currents. To this end time series over two tidal cycles of the u and v components of the baroclinic tide both from west to east across the shelf edge, and from south to north along the shelf edge at nodal locations along the lines shown in Figs. 2 and 3 are examined. Time series profiles from both the coarse grid (Fig. 6a, b ) and fine grid (Fig. 7a, b) are considered. They are presented in order from west to east, and then from south to north along the lines shown in Figs. 2 and 3.
In deep water (h=1887 m and 1934 m) at the western edge of the model, the u and v profiles of the internal tide computed with either the coarse (Fig. 6a, b) or fine (Fig.  7a, b) grid show similar time variations and profiles, with a slight enhancement in the nearbed region in the coarse compared with fine grid model. In the region of the seamount (h=757 m and 1540 m), particularly at h=1540 m, both the u and v current profile time series computed with the fine mesh model show (Fig. 7a, b) significant variations in the vertical and with time. This appears to be associated with the local production of internal tides in the region of the seamount as discussed in XD98, and will be examined later in connection with cross sections in this region. In the coarse grid model the variation is significantly less (Fig. 6a,  b) , suggesting that this grid cannot adequately represent internal tide production at the seamount.
At the two deep water positions (h=2171 m and 1912 m) between the seamount and the shelf edge, both grids give weak u baroclinic velocities (Figs. 6a and 7a) , although the v component is much stronger and shows a surface intensification and near-surface phase shift. This suggests that in this region the across-shelf component of the internal tide (taken here as the u component) is weaker than the alongshelf component. However, it is evident from the alignment of the topographic contours in the shelf break region (Fig.  5b) that the shelf break changes its orientation in this region giving rise to a significant v component of internal 
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(a) Fig. 7 . As Fig. 6 , but computed with the fine grid model (Fig. 3) . On the shelf slope (h=1476 m and 213 m) the u component computed with the coarse grid model rapidly increases from near zero (h=1476 m) to a maximum of >15 cm s −1 (h=213 m) as the water shallows (Fig. 6a) . For the v component there is an appreciable velocity (of order 15 cm s −1 ) at both locations, although in the shallower region, current velocities are slightly larger. Both the components of current computed with the finer mesh (Fig. 7a, b) are larger than those determined with the coarse, and show significantly more vertical structure and phase change in the vertical. This suggests that in the shelf slope region there are multiple points at which the internal tide is being generated that can be resolved on the finer mesh but not the coarse. This will be considered later in connection with a detailed examination of the cross shelf variation of the internal tide. On the shelf, at h=140 m and farther to the east (h=148 m), the u and v components computed with both grids show similar current magnitudes and vertical profiles, suggesting that the coarse grid model is sufficiently fine to resolve the on-shelf propagation of the internal tide.
In the case of the along-shelf variation of the internal tide, time series (namely the four locations along the 500 m contour) show a significant change in both the u and v profiles while on going from south to north, reflecting changes in the orientation of the shelf slope and its gradient. The differences between the two solutions appear slightly less at the northern than southern point, reflecting the broader shelf slope and hence smaller gradient. Obviously as the change in topography is reduced, the ability of the coarse grid model to resolve it and hence accuracy of the solution improves.
This comparison of computed time series of the baroclinic tide from ocean to shelf in the region of a seamount and shelf slope shows that a fine grid is required both in the region of internal tide production (shelf slope) and propagation (both onshelf and offshelf) in order to adequately represent the internal tide. In addition in areas of topographic change, namely the seamount and orientation of the shelf slope, the baroclinic tidal velocity is not always dominated by the u component of current.
Shelf edge cross-section comparisons

Influence of mesh resolution
To compare results in more detail with those derived using a uniform grid (XD98), and examine the influence upon the internal tide of using two different mesh resolutions in the shelf edge region, contours of the amplitude of the u component of the baroclinic tide along cross sections C1, C2, C3 and D1, D2 (see Fig. 1 for latitude of these lines) were examined. Distributions of u current amplitude across these cross sections were examined in detail in XD98. To be consistent with XD98, we will concentrate upon the upper part of the shelf slope and the adjacent shelf region along sections C1, C2 and C3. Along D1 and D2 we will examine the seamount and slope. Initially results are presented from the coarse grid solution (Fig. 2) .
Contours of u current amplitude at cross section C1 (Fig.  8a) , show a minimum at about 11
• W at a depth of 1100 m, with amplitude increasing towards the sea surface. This is consistent with XD98, although in this case, there was a local minimum at this depth at about 10.5
• W (see XD98, Fig.13a ). The rapid increase in amplitude close to the shelf edge, with a local maxima at about 700 m was also found in XD98. A reduction at midwater of tidal current on the shelf, and associated surface regions of enhanced tidal current amplitude is also consistent with XD98. As shown in XD98 (see their Fig. 3c ) and in Davies and Kwong (2000) , there is an appreciable along-and across-shelf barotropic energy flux in this region, with the potential to generate an internal tide. Besides this, the vertical variation of stratification and gradient of topography is such that the components of the across-and along-shelf internal tidal forcing functions (F x , F y ) are large in the shelf edge region at cross section C1. A detailed discussion of this together with contours of F x , F y are given in XD98 (see their Figs. 3d, e) . The large values of F x , F y along the shelf slope at cross section C1 explains the strong baroclinic currents along the shelf slope. Internal tidal energy propagates vertically both onshore and offshore from its generation point, being reflected at the sea surface and seabed, leading to regions of intensified current magnitude (Fig. 8a) . This is discussed in detail in XD98 where internal tide energy density contours are presented (see Fig. 13b in XD98) .
At cross section C2, the region of minimum tidal current that extends from sea surface to a depth of 1500 m at about 10
• W is consistent with that found in XD98. Also, the increase in the magnitude to the west and east of this region as the surface is approached was found in XD98. However, an oceanic region (to west of 9
• W) of surface-enhanced tidal current amplitude (exceeding 9 cm s −1 ) shown in XD98 is not present. On the shelf regions of enhanced surface and near bed velocity separated by a minimum are clearly evident, although the intensity and lateral extent of these regions is less than that given in XD98. The reason for this is that the magnitude of the forcing functions F x , F y , and the intensity of the energy flux beams depends upon the gradients of topography which are not as well resolved in the coarse grid model as in XD98.
An oceanic surface layer of enhanced current amplitude was not present at cross section C3 (Fig. 8c ), although such a region was found by XD98. Although an area of enhanced u surface current amplitude was found above the shelf break, the magnitude of currents in this region and along the shelf edge (Fig. 8c) were below those found by XD98. Again this was related to lack of resolution in the coarse mesh model.
These results suggest that the magnitude of the internal tidal currents particularly in the oceanic region, computed with the coarse grid model, are below those found by XD98. ) and phase U g (degrees) of the u component of the M of the seamounts a similar comparison was performed along sections D1 and D2 (Fig. 1) .
The computed values of the u-current amplitude along a cross section in the region of the Anton Dohrn Seamount showed significant spatial variability, with current amplitude varying from the northern edge of the seamount (cross section D1n), (Fig. 8d) to the centre of the seamount (cross section D1c) (Fig. 8e) and to its southern edge (cross section D1s) (Fig. 8f) . At cross section D1n (Fig. 8d) in the region above the seamount, the internal tide was a minimum at about 500 m below the surface. However, its value at this location rapidly increased as the surface was approached, reaching a surface maximum above the seamount in excess of 14 cm s −1 . Similarly going from a depth of 500 m down to the top of the seamount, the magnitude of the u velocity amplitude increased (Fig. 8d) . The regions of maximum uamplitude were also evident at depth and along the shelf slope. Small regions of local surface enhancement of uamplitude are also evident above the shelf break. This suggests that local generation is occurring along the shelf slope and the slope associated with the seamount, with propagation giving rise to regions of surface maximum. This spatial distribution of the internal tide, in particular the minimum at 500 m in the region above the seamount, and the rapid increase above this point as the surface is approached is consistent with the results presented in XD98. However, XD98 found a more rapid increase in u-amplitude on going from z=500 m down to the top of the seamount than that found here. In addition an extensive region of enhanced surface u-current amplitude occurred rather than the limited region shown in Fig. 8d .
To examine to what extent the solution was sensitive to the exact position of the cross-section, Fig. 8e shows contours along a cross section (D1c) slightly to the south of D1n. It is evident from Fig. 8d and e that although moving farther south has only a slight influence upon the distribution of topography, in particular a slight broadening of the top of the seamount, it has an appreciable effect upon the amplitude of the internal tidal current above the seamount. Although just above the seamount there is still a minimum at z=500 m, the amplitude increases rapidly with distance above and below this location. A local maximum at z=700 m occurs just above the seamount as found in XD98. In addition, the region of surface u current amplitude maximum increases compared to Fig. 6d , although its lateral extent is still below that found in XD98.
At cross section D1s, situated at the southern edge of the seamount, its height is appreciably less than at D1c, and there is only a slight increase in u-amplitude above the seamount. However, a local increase along the eastern edge of the seamount and along the continental slope particularly at depth as found at cross section D1c, is evident (Fig. 8f) . These changes in internal tidal current magnitude in the region of the seamount can be related to the spatial variations in the forcing functions F x , F y in the seamount region (see XD98).
These calculations clearly show that in the region of the Anton Dohrn Seamount, the cross-shelf variation of the internal tide is particularly sensitive to location relative to the peak of the seamount. Although XD98 never examined this sensitivity, they performed calculations with and without the seamount (see Fig. 17 in XD98) and showed the importance of the seamount in determining the distribution of the internal tide in this region. The calculations of forcing functions F x , F y (see Fig. 3d , e in XD98 for detail) and energy flux vectors (see Fig. 3c in XD98) showed that both across-and along-shelf components of the internal tide were generated in this region. Since the distribution and magnitude of F x , F y depends on topographic slope, the variations in this slope in the seamount region will influence the internal tide distribution. The differences in the ability of the finite element mesh or finite difference grid to reproduce this slope will influence the distribution of the internal tide in this region. This explains in part the differences in u-amplitude between the present model and those presented in XD98 in the region of this seamount. Further south at cross section D2 (Fig. 1 ) corresponding to the Hebrides Terrace Seamount, u-amplitude contours show (Fig. 8g ) a surface and sea bed maximum in the region of the seamount. A local maximum along the continental slope also occurs at a depth of 1000 m (Fig. 8g) . The location of these maxima is consistent with that given in XD98. As at other cross sections and as found by XD98, surface and bed current maxima occur in the region of the shelf slope.
To examine in detail to what extent the internal tide is influenced by resolution, comparable cross-section plots to those shown in Fig. 8 computed with the finer grid (Fig. 3) are presented in Fig. 9 . Considering initially cross section C1. Although refining the grid does not substantially affect the large-scale features of the internal tide distribution (compare Figs. 8a and 9a) , it does increase the u-amplitude particularly in the surface layer and along the shelf slope. Considering initially the oceanic (west of 10
• W) distribution in Fig. 9a . Although the minimum that occurs at 1000 m is consistent with that found in Fig. 8a , it is evident that amplitude increases more rapidly in Fig. 9a, than Fig. 8a , as the surface is approached. This gives rise to a significant increase in the surface layer over which the amplitude exceeds 5 cm s −1 (Fig. 9a ) compared to Fig. 8a , and is consistent with XD98. Similarly local surface and bed maxima occur at about 9.5
• W, associated with the shelf break region (Fig. 9a) , that were not present previously (Fig. 8a) . Some indication of these can be found in XD98, although the grid resolution of that model was insufficient to represent them in detail. Regions of local maxima in the near bed region both on the shelf and along the shelf slope that could not be adequately resolved previously (Fig. 8a) are evident in Fig. 9a , with amplitude increased above that found in XD98 due to improved resolution.
A significant increase in amplitude and lateral extent of the region of u surface current in proximity of the shelf break is clearly evident in Fig. 9b compared to Fig. 8b , due to enhanced resolution in the shelf slope and offshelf region in the fine (Fig. 3 ) compared to the coarse (Fig. 2) grids. In addition on the shelf in the region adjacent to the shelf break, the magnitude of surface and near bed maxima (Fig.  7b ) are increased beyond those found with the coarser grid ( Fig. 8b) and given in XD98. Similarly at depth (z=1200 m) along the shelf slope there is a region of local intensification (Fig. 9b ) that did not occur previously (Fig. 8b ) and although present in XD98, was under-resolved and spread in the horizontal. A similar increase in the shelf edge and offshelf surface current maxima occurs along cross section C3 in the fine compared with coarse grid calculation (compare Figs. 9c  and 8c ). However, these values are still below those observed by Sherwin (1988) in this region. This may be due in part to the fact that Sherwins observations were at slightly different locations (of order 50 km away) and this will influence comparisons in regions of high spatial variability. The existence of multiple surface maxima in the shelf edge region is shown in XD98, although their magnitude is less, and their lateral extent larger, suggesting that the internal wave energy that propagates into the ocean in the XD98 calculations may have spread in the horizontal. In theory the internal tide propagates offshore along ray paths which must be resolved on the grid. If lateral resolution in the ocean is coarse (Fig. 2) , then these ray paths are not resolved and energy is not focused along well-defined beams. With improved resolution (XD98) compared to the coarse grid model (Fig. 2) , the ray paths are better represented and regions of surface maxima are resolved, although there can be some lateral spreading. With enhanced resolution (beyond that in XD98) (Fig. 3) , ray paths and regions of surface intensification are resolved. In addition, with enhanced horizontal resolution, the shelf slope can be more accurately resolved provided a detailed depth survey is available to match the grid resolution. As shown by Xing and Davies (1999) , as smaller scale cross-shelf variations of topography are resolved along the shelf edge, the number of internal tide generation points increases leading to a significantly more complex cross-shelf distribution of the internal tide. In the case of the along-shelf variation of the internal tide, Legg (2004a) showed a local intensification of the nearbed internal tide on the same length scale as the along-shelf corrugations in topography. This suggests that to reproduce these small-scale variations, the mesh size needs to be significantly smaller than the dominant length scale, of the fine scale undulations in topography. Differences in internal tidal current magnitude compared with Sherwin (1988) will also be due to the differences in the density field, suggesting that for a detailed model/data comparison an extensive survey of the density field with sufficient resolution to match the model grid is required. However, as shown by Xing and Davies (1997c) short-term wind effects can modify the density field and thereby influence the internal tide and its interaction with the wind (Davies and Xing 2003) .
The presence of a region of enhanced current amplitude along the shelf slope (Fig. 9c) computed with the finer grid compared to previously (Fig. 8c) further illustrates the benefits of using enhanced resolution in the shelf slope region. This bed enhancement was also found in XD98 with their finite difference grid.
The internal tide at cross section D1n (Fig. 9d) computed with the finer grid shows a significantly larger surface and bed enhancement in current amplitude above the seamount (Fig. 9d ) than found previously (Fig. 8d) . Also the lateral extent of the region of enhanced u surface current amplitude (Fig. 9d ) exceeds that computed with the coarser resolution (Fig. 8d) .
Further south at cross section D1c, again above the seamount there are regions of surface and nearbed enhancement of current magnitude separated by a region at about z=500 m where the magnitude is a minimum (Fig.  9e) . In addition, surface current magnitude in the region between the shelf break and the surface maximum above the seamount is enhanced above that found in the coarser grid solution (Fig. 8e) . The magnitude of the maximum currents in this surface layer exceed those given in XD98, where the region of maximum surface currents was spread over a larger area. The region of rapid spatial variability in amplitude contours on the eastern side of the seamount was not found in XD98 probably due to lack of resolution in this area.
Contours of current amplitude in the near bed region both along the eastern side of the seamount and in the shelf slope region show significant small-scale variability, suggesting that these boundary layers cannot be adequately resolved. The inability of the model to resolve these boundary layers gives rise to a Gibbs type effect and an increase in energy on a length scale comparable to the mesh size in the model. This effect was found by HD05 in the wind-forced internal wave field on an irregular grid, and could only be removed by increasing the coefficient (C) in the Smagorinsky formulation of horizontal momentum diffusion. The effect of changing this coefficient is examined in the next section.
Contours of tidal current amplitude at cross section D1s show (Fig. 9f ) similar large-scale features to those along D1c, (Fig. 9e) . However, significantly smaller scale (of the order of the grid scale) oscillations of a nonphysical nature are present. As with cross section D1c, the influence of the Smagorinsky coefficient C upon these will be examined in the next section.
The effect of refining the grid in the region of cross section D2 is to increase the amplitude above the seamount in the nearbed region (Fig. 9g ) compared to the coarser grid solution (Fig. 8g) . The corresponding maximum at the surface does, however, show small-scale variability (Fig. 9g ) compared to that found previously (Fig. 8g) . The surface maximum above the shelf break, and the local maximum at a depth z=1000 m along the shelf slope (Fig. 9g ) are significantly larger than found previously (Fig. 8g ) or in XD98, reflecting the improved resolution in the present calculation. The influence of increasing C upon the current distribution along cross section D2 will be examined in the next section.
Influence of coefficient C upon baroclinic tidal current distribution
In this calculation (Calc 5, Table 1 ) the fine grid distribution was used, although the coefficient C in the Smagorinsky formulation of horizontal viscosity was doubled from its previous value to C=0.56. Along cross section C1 the effect of increasing C had little effect upon the distribution of tidal current amplitude contours (not shown), except for a slight reduction in maximum values in the near bed region along the shelf slope. At this cross section the tidal current shows a fairly smooth change (Fig. 9a ) from ocean to shelf that appears to be well resolved. At cross section C2, away from the shelf break and shelf slope a fairly smooth variation of tidal current amplitude occurs which is not significantly influenced by the increase in C (compare Figs. 10a  and 9b) . However, at the shelf break and particularly along the shelf slope at z=1200 m, there are some rapid smallscale changes on the grid scale of the model in the tidal current amplitude above the bottom boundary layer (Fig.  9b) . These appear to be physically unrealistic in that there are no small-scale variations in bottom topography in this region. Also they appear just above the bottom boundary layer and suggest a Gibbs type numerical problem in fitting a relatively smooth current profile to a high sheared bottom boundary layer. If they are physically realistic, and due to wave trapping or reflection they are of such a small scale that they cannot be accurately resolved on the present grid and need to be removed by a scale-selective filter, before they destabilize the solution (see HD05 for more details of the numerical problem). The effect of increasing C is to remove these ripples giving rise to a smoother and resolvable distribution (compare Fig. 9b and Fig.10a) . A similar effect of increasing C was found along cross section C3, (not shown) where small-scale inadequately resolved variations along the shelf slope were removed.
In the region of the Anton Dohrn Seamount, considered here in terms of cross sections D1c and D1s, the effect of increasing C is to reduce the small-scale variations along the eastern side of the seamount and the shelf slope (com- Fig. 10b, c) . Although increasing C in this case does reduce the small ripples, leaving the largescale features essentially unchanged, it is evident from Fig.  10b , c that some small-scale spatial variability does remain. This may be realistic in that as shown by Davies 1997a, 1999 , small-scale topographic features along shelf slopes give rise to the local regions of internal tide generation. In this case a further grid refinement to that shown in Fig. 3 is required to increase the accuracy of the solution in these regions.
In a final comparison, cross section D2 was examined. As previously the increase in C removed small-scale features particularly along the shelf slope region (compare Fig. 10d  and 9g ) without affecting the large-scale pattern. Obviously to improve the accuracy of the solution in the region of rapid changes in shelf slope, a finer horizontal grid would be required.
Concluding remarks
The QUODDY finite element code with both a coarse and fine grid (in which the grid was refined in the shelf slope region) has been used to compute the three-dimensional baroclinic tide in the Malin-Hebrides shelf edge region off the west coast of Scotland. This region was chosen because it has a significant internal tide and was the area of a recent measurement study. In addition the internal tide besides being generated along the shelf slope is also produced along the slope associated with two offshelf seamounts. These additional sources of the internal tide, plus spatial variations in the orientation and slope of the shelf edge provide a good test of a variable resolution grid model. A detailed solution is also available from a regular grid finite difference model of the region (XD98) with which irregular grid solutions can be compared.
Initial calculations showed that for the three-dimensional barotropic tide there were no substantial differences between the coarse or fine grid solutions and that of XD98. This can be understood in terms of the long wavelength of the barotropic tide and that it is accurately resolved with all grid resolutions used. When stratification was included it had a negligible effect upon surface elevation, although a baroclinic internal tide was produced. The spatial distribution of surface baroclinic tidal current ellipses showed that it was primarily generated along the shelf edge and in the region of the seamounts, with some propagation away from its generation region. A more detailed discussion of this with appropriate energy flux vectors and distributions is given in XD98. Comparison of time series of baroclinic tidal current profiles over two tidal cycles from west to east along a cross section through the Anton Dohrn Seamount, and from south to north along the 500 m depth contour showed significant spatial variability. At some locations differences between the coarse and fine grid solutions were evident. The differences between the solutions and that given by XD98 were quantified by comparison with current observations in the region.
To examine the effect of grid resolution in more detail, contours of u-current amplitude of the baroclinic tide were plotted along the same cross sections as in XD98. These showed that the coarse grid solution could not reproduce the surface intensification of the internal tide or the regions of local generation along shelf slopes. However, the surface intensification was reproduced with the finer grid model which showed regions of stronger intensification than those found by XD98. This suggests that the finer mesh finite element model is more accurate in generating and propagating the internal tide than the finite difference grid used in XD98. However, in some generation regions, along steep slopes there appeared to be some physically unrealistic small-scale waves in the finite element model that had to be removed by increasing the coefficient in the Smagorinsky formulation of horizontal eddy viscosity.
The intercomparison of the finite element model with two different horizontal grid resolutions and the finite difference model of XD98 presented here demonstrates a number of points. In particular, it shows that the finite element model can reproduce the internal tide off the west coast of Scotland, provided a sufficiently fine grid is used in the generation regions, and the adjacent sea regions into which the internal tide propagates. The ability to refine the mesh in regions where higher resolution is required is a major advantage over a regular grid. However, a rapid local refinement as shown by HD05 can affect internal wave propagation leading to increased energy at small scales that must be removed by an enhancement of a local scale-selective filter such as the Smagorinsky form of horizontal viscosity.
